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Abstract 
The substantia nigra pars recticulata (SNR) is one of the main output nuclei in 
the basal ganglia involved in the control of extrapyramidal motor activities. The 
activity of the SNR output neurones is determined by both their intrinsic membrane 
properties and the extrinsic synaptic drives. While the inhibitory GABAergic inputs are 
well characterized, the properties of the excitatory synaptic inputs are less well 
understood. In this project, the intrinsic membrane properties of SNR neurones, the 
characteristics of AMPA and NMDA receptors on these neurones and the properties 
of excitatory postsynaptic synaptic currents (EPSCs) mediated by these receptors were 
studied. Intracellular recordings were made from SNR neurones in acutely prepared 
rat midbrain slices using the whole cell patch clamp technique. 
Chapter two demonstrates that SNR GAB A neurones were characterized by a 
high rate of spontaneous firing with little frequency adaptation. There was no tendency 
for them to fire in burst. The action potentials had a short width and a biphasic after-
hyperpolarization. In comparison with dopamine neurones found within SNR, the 
GABA neurones did not possess a transient outward rectifier, nor low-threshold 
calcium spikes and only exhibited a weak hyperpolarization-activated inward rectifier. 
These properties suggest that SNR neurones do not significantly modify the input 
signals and therefore serve ideally as relay cells. 
Chapter three provides evidence that both AMPA and NMDA receptors co-
exist on SNR neurones. The AMPA-mediated inward currents were blocked by 
NBQX but insensitive to Joro-spider toxin and spermine indicating that type I AMPA 
receptor was involved. This conclusion was supported by the linear current-voltage 
relationship of AMPA-induced response and suggested that the receptor had a low 
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permeability to Ca2+. The inward current activated by application of NMDA was 
inhibited by APV, sensitive to Mg2+ at hyperpolarized membrane potentials and 
displayed a characteristic V-shape current-voltage relationship at negative membrane 
potentials. These data demonstrate that SNR neurones possess classical AMP A type I 
and NMDA receptors which may play a role in excitatory synaptic transmission. 
In chapter four, the characteristics of the spontaneous EPSCs and those 
evoked by intranigral or intrasubthalamic stimulation were characterized. Their 
electro-physiological and pharmacological properties suggested that the spontaneous 
EPSCs were mediated mainly by AMP A type I receptors while the evoked EPSCs 
contained both a fast, AMP A and a slow, NMDA component. These findings were 
therefore consistent with the results shown in chapter 3. However, the NMDA 
component was normally inhibited by extracellular Mg2+ at normal resting potential 
and was suppressed when the GABA input to SNR neurones was intact. These data 
suggest that AMP A receptor may play a more important role in the normal excitatory 
transmission mediated by glutamate and that there exists an interaction, perhaps at a 
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The aim of the present project is to study and characterize the functional 
expression of glutamate receptors, and the synaptic currents that they mediate, in the 
rat midbrain substantia nigra pars reticulata (SNR) neurones. In this chapter, a brief 
summary of our current understanding of the glutamate receptors, the structure and 
function of the substantia nigra pars reticulata and their glutamatergic innervation is 
given. In the discussion of the glutamate receptors, emphasis is put on the ionotropic 
glutamate receptors, especially the a-arnino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA) and N-methyl-D-aspartate (NMDA) receptors. 
1.1 Ionotropic glutamate receptors 
In the late 1950s Curtis et al (1959) showed that L-glutamate and a number of 
acidic amino acids increased neuronal firing when ionophoresed onto cat spinal 
neurones. Now it is well accepted that L-glutamate and glutamate receptors mediate 
the majority of excitatory neurotransmission in the mammalian central nervous system. 
Over the last decade, there were significant advances in our understanding of 
glutamatergic transmission system in the mammalian brain. This was attributed to the 
application of molecular cloning technology in studying the structure and expression of 
glutamate receptors, the development of new agonists and antagonists to selectively 
differentiate glutamate receptor subtypes, and the utilization of in vitro 
electrophysiological techniques, such as patch clamp recordings, to make precise 
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measurements of the biophysical and pharmacological properties of glutamate 
receptors on identified cells. 
The glutamate receptors are divideded into two distinct classes: ionotropic and 
metabotropic (Hollmann and Heinemann, 1994). Ionotropic receptors contain cation-
specific ion channels, and are further subdivided into three groups: AMPA, NMDA 
and kainate receptors whereas metabotropic receptors are coupled to GTP-binding 
proteins (G-proteins) and modulate intracellular second messenger systems. 
By applying molecular cloning and expression technologies, the first ionotropic 
glutamate receptor subunit GluRl was cloned in 1989 by Hollmann et al. Currently, a 
total of 14 cDNAs of ionotropic glutamate receptor subunits have been identified in 
the mammlian CNS. Among these 4 are for AMPA receptor subunits: GluRl, GluR2, 
GluR3 and GluR4, 5 are for kainate receptor subunits: GluR5, GluR6, GluR7, KA1 
and KA2, and 5 are for NMDA receptor subunits: NMDAR1, NMDAR2A, 
NMDAR2B, NMDAR2C and NMDAR2D. The molecular diversity of ionotropic 
glutamate receptors arises from the coexpression of multiple types of subunit genes 
within single cells, and is further increased by alternative splicing and RNA editing. 
In 1980s, researchers commonly believed that ionotropic glutamate receptor 
subunits consisted of a large extracellular N-terminal and four hydrophobic 
transmembrane segments (M1-M4) and an intracellular C-terminal. By introducing N-
glycosylation at different sites of GluRl subunit, Hollmann et al. (1994) demonstrated 
that ionotropic glutamate receptor subunits have only three transmembrane domains, 
since only three extracellular locations undergo glycosylation. The M2 domain in the 
former model does not span the membrane, but lies in close proximity to the 
intracellular surface of plasma membrane or forms helix within the membrane without 
transversing it. Furthermore, the region between M3 and M4 which was believed to be 
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intracellular, is now believed to be an extracellular domain. Several lines of evidence 
obtained using chimeric proteins and site-directed mutation support the idea that this 
three transmembrane domain model, illustrated in Fig. 1.1 is not only applicable to 
AMPA receptor subunits, but also to kainate and NMDA receptor subunits (Kuryatov 
et al, 1994; Stern-Bach et al, 1994; Bennet and Dingledine, 1995; Wo and Oswald, 
1995; Hirai et al., 1996; Laube et al., 1997). Structurally, native ionotropic receptor 
channels are predicted to be formed by five subunit monomers, which are arranged 
barrel like around a central conductive pore (Unwin, 1993). 
1.1.1 AMPA receptors 
1.1.1.1 Structure of AMPA receptors 
In the mammalian CNS, fast excitatory synaptic transmissions is predominantly 
mediated by AMPA ionotropic glutamate receptors (see Wheal and Thomson 1995 for 
review). Initially AMPA receptors were named as quisqualate receptors. However, 
quisqualate was found to act on metabotropic glutamate receptors and AMPA acted 
more specifically on this receptor. Generally, AMPA receptors are characterized by 
having fast activation and desensitization kinetics and high Na+/K7 permeability. Using 
expression and cloning techniques, the first ionotropic GluR clone, GluRl was isolated 
from a rat brain cDNA library by Hollmann et al. in 1989. Afterward, the closely 
related GluR genes GluR2, GluR3, GluR4 were cloned. The four AMPA receptor 
subunits, each contain 900 amino acids, share 68-73% amino acid sequence identity. 
mRNA of GluR subunits undergoes alternative splicing of a 115 base pair (bp) region 
preceding M4 (Fig. 1.1). Therefore, each of the GluRl-GluR4 subunits contains two 
different forms, flip form and flop form (Sommer et al., 1990). Besides alternative 
splicing, RNA editing also increases the functional diversity of AMPA receptor. In all 
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Figure 1.1 The three transmembrane domain model of ionotropic glutamate receptor 
subunits as exemplified by the AMPA receptor subunit GluR2 (from Ozawa et al., 1997). 
In the edited GluR2 subunit, RNA editing occurs at position 586 where arginine (R) 
instead of glutamate (Q) occupies the site. The box around amino acids 744-781 indicates 
the region where alternative splicing occurs. The two variants of the alternative splicing 
are known as flip and flop. The nine amino acids in the flip version indicated by the double 
arrows inside the box are changed to those outside the box in the flop version. 

of the GluR subunit genes, a codon CGA (translate to glutamine; Q) in gene sequence 
for M2 domain are found. However, GluR2 cDNA clones contain CGG (translated to 
arginine; R) at the same position (Sommer et al.,...1991). The codon change is 
generated by site directed nuclear RNA editing; and the corresponding amino acid 
position on GluR2 subunit due to RNA editing is named as Q(glutamine)/R(arginine) 
site (Fig. 1.1). Occurrence of RNA editing at GluR2 subunit but not at other GluR 
subunits offer some specific properties for GluR2 subunit. For example, molecular 
analysis of native AMPA receptors at single cell level using patch-clamp and reverse 
transcription (RT)-polymerase chain reaction (PCR) demonstrated that AMPA 
receptor composed of GluR2 subunit shows a low Ca2+ permeability and a linear 
current-voltage (IV) relationship whereas receptors without GluR2 subunit displays a 
high Ca2+ permeability and an inward IV relationship (Bochet et al. 1994). 
1.1.1.2 Electrophysiological properties of AMPA receptors 
In most neurones, for example type I hippocampal neurones (lino et al., 1990), 
AMPA receptor channels are characterized by having a high Na+/K+ permeability, a 
low Ca2+ permeability (PCa/PCs <0 .18 according to the Goldman-Hodgkin-Katz 
equation) and display a slight outward rectification. However, in some neurones, such 
as type II hippocampal neurones (lino et al., 1990; Ozawa and lino 1993) AMPA 
receptors are found having a relatively high permeability to Ca2+ (PCa/PCs «2.3) and 
display strong inward rectification. lino et al (1990) also showed that the functional 
diversity of recombinant AMPA receptors is dependent on their subunit compositions. 
In homomeric receptors, composed of GluRl, GluR3 or GluR4, the Ca2+ permeability 
was relatively high (PCa/PCs « 2) and the IV relationship was slightly inward rectifying. 
In contrast, homomeric receptors composed of GluR2 displayed low Ca2+ permeability 
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(Pca/Pcs ~ 0.1) and slightly outward rectification. In heteromeric recombinant receptors 
containing GluR2, GluR2 dominated the Ca2+ permeability and rectification property. 
The specific properties of GluR2 can be explained by a single amino residue at the Q/R 
site in M2 segment. In GlnR2 this residue is positively charged arginine (R); in 
contrast, the site is occupied by neutrally charged glutamine (Q) in the other GluR 
subunits (Hume et al., 1991; Seeburg, 1993). According to the three transmembrane 
model of glutamate receptor subunits (Hollmann and Heinemann, 1994) Q/R site is 
located at near intracellular entrance of the AMPA receptor channel. The positively 
charged arginine in GluR2 subunit hinders the permeation of Ca2" ions. 
For the rectification properties, it has been shown that spermine, an intracellular 
endogeneous polyamine, may mediate the inward rectification of Ca2" permeable 
AMPA receptors (Isa et al.,1995). In this type of AMPA receptors, the Q/R sites are 
occupied by the neutral amino acid glutamine. Being a polyvalent cation, spermine 
enters the channel entrance from intracellular side and blocks the ion flow at 
depolarized membrane potential. In contrast, positively charged arginine at Q/R site in 
Ca2+ impermeable receptors repels spermine and prevents it from approaching the 
binding site. 
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1.1.1.3 Pharmacology of AMPA receptors 
Structurally, AMPA receptors contain at least three binding sites (Ozawa et al., 
1998): an agonist binding site for glutamate, AMPA or competitive antagonists (e.g. 
NBQX), a site within the intracellular side of channel, which binds polyamine (e.g. joro 
spinder toxin and its analoges), and a binding site for cyclothiazide (CTZ) and 
aniracetam. The binding of these chemicals decreases the rate of desensitization of 
AMPA receptors. 
Stern-Bach et al. in 1994 demonstrated that two discontinuous segments of about 
150 amino acid residues, one located in N-terminal of Ml and the other located 
between M3 and M4 determine the agonist binding properties of AMPA receptor. 
There are a number agonists (L-glutamate, quisqualate, AMPA, kainate) and 
competitive antagonists (a number of quinoxalinediones) act on the agonist binding site 
of AMPA receptors. Quisqualate was formerly used as a principal agonist for AMPA 
receptors, but it also acts on metabotropic glutamate receptors (Krogsgaard-Larsen et 
al., 1980; Hansen et al.,1989). AMPA, a potent (¾ ~ nM) and selective agonist 
(Krogsgaard-Larsen et al., 1980; Hansen et al., 1983) binds to the agonist binding site 
of AMPA receptor and leads to fast desensitising current. Although kainate is a high 
affinity (Kd nM) agonist for kainate receptors, it also acts on AMPA receptors with 
low affinity (Kd “M). Moreover, kainate is capable to activate a non-desensitizing 
current by binding to AMPA receptors. Quinoxalinediones, such as 6-cyano-7-
mtroquinoxaline-2,3-dione (CNQX) and 6,7-dinitroquinoxaline-2,3-dione (DNQX), 
are high affinity competitive antagonists (Honore et al., 1988). The IC50 of CNQX and 
DNQX for displacing [3H] AMPA binding is « 0.5 ^M (Sheardown et al” 1990). 
However, both CNQX and DNQX also act on kainate receptors. The IC50 for 
displacing [3H] KA binding is « 2.0 fiM (Sheardown et al., 1990). On the other hand, 
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6-nitro-7-sulphamobenzo-f-quinoxaline-2,3,-dione (NBQX) is more selective on 
AMP A than kainate receptor. The IC50S on AMP A and kainate receptors are 0.15 
|uM vs 4.8 i^M respectively (Sheardown et al., 1 9 9 0 ) . -
A variety of polyamine toxins from spider and wasp are known to act on 
intracellular channel pore of AMP A receptors that lack GluR2 subunit (Blaschke et al., 
1993; lino et al., 1996; Washburn and Dingledine, 1996; Isa et al., 1996). For example, 
joro spider toxin (JSTX) blocks such receptors at hyperpolarized membrane potentials. 
However, it does not affect outward rectifying Ca2+ impermeable AMPA receptors 
that contain GluR2. The blocking effect of JSTX and other polyamine derivatives is 
likely to result from the binding of the positive polyamine moiety to the entrance of the 
channel pore on the intracellular side. 
Another site, when bound by aniracetam and CTZ, is responsible for decreasing the 
rate of desensitization of AMPA receptors. Recently, a family of new drugs, 2,3-
benzodiazepines such as l-(4-aminophenyl)-4-methyl-7,8-methyllenedioxy-5H-2,3-
benzodiazepine (GYKI 52466) and l-(-4-aminophenyl)-4-methyl-7,8methyllenedioxy-
5H-2,3-benzodiazepine (GYKI 53655), are found to be non-competitive antagonists of 
AMPA receptors (Donevan and Rogawski et al., 1993; Palmer and Lodge, 1993). It is 
suggested that GYKI 52466 and GYKI 53655 bind to CTZ binding site and increase 
the rate of desensitization. Besides the desensitizing effect, GYKI 52466 and GYKI 
53655 selectively antagonize AMPA receptor-mediated responses but unmask those 
mediated by kainate receptors (Paternain et al., 1995; Bleakman et al., 1996). 
Therefore, these new drugs can selectively differentiate AMPA receptors from kainate 
receptor, which had previously been co-classified as non-NMDA receptors. 
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1.1.1.4 Kinetics of AMPA receptors 
It is well known that AMPA receptors mediate fast excitatory synaptic 
transmission in the mammalian CNS. It is believed that their rapid kinetics such as L<mt 
activation, deactivation and desensitization kinetics are suitable for this purpose. The 
time course of the rising phase of excitatory postsynaptic currents (EPSCs) mediated 
by AMPA receptors is mainly dependent on the rate of activation of AMPA receptors. 
On the other hand, the time course of the decay of the EPSC depends on either the rate 
of deactivation or rate of desensitization, which are different in different neurones 
(Tang et al., 1989; Barbour et al., 1994; Geiger et al., 1995; Hausser et al., 1997). The 
kinetics of deactivation of AMPA receptors were estimated by measuring the decay 
constants of responses produced by 1 ms pulses of ImM glutamate in outside-out 
membrane patches activated by fast drug application. These values were between 0.9 
to 3.3 ms (Geiger et al, 1995). The rate of desensitization was determined by 
measuring the decay constants of response produced by 100 ms pulses (Colquhoun et 
al., 1992; Mosbacher et al, 1994; Geiger et al., 1995), and was found to range from 1 
to 16 ms in different neurones (Tang et al., 1989; Geiger et al., 1995; Hausser et al., 
1997). In most central neurones, the decay of EPSCs is believed to be mainly 
determined by deactivation because the decay rate is much faster than desensitization. 
In a minority of neurones, however, the decay constants of AMPA-mediated EPSC are 
relatively slow. For example, Barbour et al., (1994) showed that EPSCs of Purkinje 
cells decay slowly ( 7.3ms). Therefore, in these neurones, the decay is likely 
determined by desensitization. Besides, subunit composition of AMPA receptors also 
affect the kinetics of EPSCs. Mosbacher et al., (1994) showed that except homomeric 
GluRl channel, channels composed of flop variants have faster desensitization and 
deactivation time constants than that of flip variants. 
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1.1.2 NMDA receptors 
1.1.2.1 Structure of NMDA receptors 
NMDA receptors mediate long lasting excitatory synaptic transmission in the CNS. 
In 1991 Moriyoshi et al. cloned the first NMDA receptor subunit, NMDAR1, from rat 
brain cDNA library. Later, additional four subunits, NMDAR2A to NMDAR2D were 
cloned by other researchers (see Hollmann et al. 1994 for reference). Moriyoshi et al 
(1991) demonstrated that homomeric NMDAR1 receptors expressed on Xenopus 
oocytes only had weak responses to NMDA application. When NMDAR1 was co-
expressed heterogeneously with any NMDAR2 subunit, the channel activities in 
response to agonist were significantly potentiated. However, the NMDAR2 series did 
not form functional NMDA channel when expressed alone. Therefore, in native 
neurones, functional NMDA receptors are heteromeric receptors composed of a 
fiindamental subunit, NMDAR1 and its potentiating subunits NMDAR2A-2D (Mori 
and Mishina, 1995; Grimwood et al. 1995). NMDAR1 and NMDAR2 subunits are 
composed of ~ 900 and 1250-1500 amino acid residues respectively. Sequence 
homology between NMDAR1 and NMDAR2 is 18% and those between NMDAR2 
members are 40-50 % (Hollmann and Heinemann, 1994; Mori and Mishina, 1995). The 
functional diversity of NMDA receptors depends on the differential expression of 
NMDAR2 subunit genes in different central neurones. Moreover, eight alternative 
spliced variants ofNMDARl further increase the molecular diversity. 
1.1.2.2 Electrophysiological properties of NMDA receptors 
Electrophysiological^, NMDA receptor channels are characterized by having high 
Ca2+ permeability and blocked by extracellular Mg2+ in a voltage dependent manner. 
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The relative permeability of Ca2+ to Cs+ ( P c a / P c s ) of the NMDA receptor channels, 
according to the GHK equation, was 6.2 in cultured hippocampal neurones (lino et al., 
1990). In extracellular medium containing physiological concentration of Mg2+ (1.2 
mM), NMDA receptors displayed a negative slope in the IV curve at membrane 
potentials more hyperpolarized than -30 mV, and the inward current was completely 
blocked at -80 mV. This property was found to be due a voltage-dependent biock by 
extracellular Mg2+ (Mayer et al., 1984; Nowak et al., 1984). The mechanism of high 
Ca2+ permeability and Mg2+ block at hyperpolarized potential can be explained by 
assuming that a narrow restriction site is located within the channel of NMDA 
receptor, and only dehydrated cation can pass through the restriction site. The rate of 
replacement of water of hydration around Mg2+ is much slower than that of Ca2+. 
Moreover, at more hyperpolarized membrane potential, the time of occupying the 
restriction site by Mg2+ increases which strengthens Mg2+ block (Mayer and 
Westbrook, 1987). From the molecular point of view, within the M2 domain of the 
NMDA receptor subunits, at the position corresponding to the Q/R site of AMPA 
receptors, a single amino acid asparagine (N) at N site of NMDA receptor is 
responsible for the high Ca2+ permeability and Mg2+ block (Mori et al., 1992; Hollmann 
and Heinemann, 1994; Mori and Mishina, 1995). Besides the N site, in NMDAR2 
subunits N+l site is occupied by asparagine (N), which also contributes to these 
properties (Wollmuth et al., 1996). 
1.1.2.3 Pharmacology of NMDA receptors 
There are a variety of binding sites located on NMDA receptor, including the 
agonist binding site bound by the agonists NMDA and glutamate, and competitive 
antagonists such as 2-amino-5-phosphonopentanoic acid (AP5). In addition, there is a 
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strychnine insensitive co-agonist site bound by glycine, a binding site bound by non-
competitive antagonists such as phencyclidine (PCP), and other modulatory sites 
bound by Mg2+ ions, Zn2+ and polyamine (Sucher et al., 1996). 
Analysis by site directed mutagenesis (Hirai et al., 1996; Laube et al., 1997) 
revealed that the glutamate binding site of NMDA receptors is localized in the domain 
upstream of Ml and the loop domain between M3 and M4 of NMDAR2 subunit. The 
synthetic amino acid, NMDA, binds to the agonist binding site with very high 
selectivity and high potency. The competitive antagonist D-APV, a phosphono amino 
acid, also acts on the glutamate/NMDA binding site. 
In NMDA receptors, the binding site for the co-agonist glycine is located in the 
NMDAR1 subunit at the corresponding regions of NMDAR2 that form 
glutamate/NMDA binding site (Laube et al., 1997). The presence of glycine at very 
low concentration (EC5o = 0.1-0.7 |iM), which does not involve the strychnine 
sensitive receptor, can potentiate the NMDA response (Johnson and Ascher, 1987; 
Kleckner and Dingledine, 1988). Moreover, Kleckner and Dingledine (1988) 
demonstrated that in absolutely glycine free solution, NMDA response is undetectable. 
1 • 1.2.4 Kinetics of NMDA receptors 
In many synapses, presynaptic release of glutamate produces an EPSC which can 
be resolved into a fast component mediated by non-NMDA receptors and a slow 
component mediated by NMDA receptors (Lester et al., 1990; Keller et al., 1991; 
O'Brien et al., 1997). In other words, it seems common that AMPA and NMDA 
receptors are localized in same synapse and are activated simultaneously by a single 
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pulse of presynaptic glutamate release (Jones and Baughman, 1991; Clements et al., 
1992; O'Brien et al. 1997). Clements et al. (1992) estimated that the peak glutamate 
concentration at glutamatergic synapses is about ImM and decays with a time constant 
of about 1.2 ms. The slow kinetics of NMDA receptors may be explained by the fact 
that the affinity of glutamate to NMDA receptor is much higher than that to AMPA 
receptors, and thus the prolonged binding of glutamate to NMDA receptors triggers 
the channels to open repeatedly (Lester et al., 1990; Lester and Jahr, 1992). In 
addition, the slow rate of desensitization of NMDA receptors also contributes to the 
slow decay kinetics of NMDA receptor-mediated EPSCs. 
1.2 The basal ganglia and the SNR 
To appreciate the role of SNR in the CNS, it is necessary to have a basic 
understanding of the structure and functions of the basal ganglia. The term basal 
ganglia, which includes the large subcortical nuclei striatum (caudate nucleus and 
putamen), the globus pallidus (GP, and its equivalents in primates, the external 
segment of the globus pallidus Gpe), the entopeduncular nucleus (EP and its equivalent 
in primates, the internal segment of the globus pallidus Gpi), the subthalamic nucleus 
(STN) and the substantia nigra (SN). The fact that the basal ganglia are involved in 
controlling movement first emerged from clinical observations. The motor disorder 
described by James Parkinson in the 17th century, now known as Parkinson's disease, is 
one of the best characterized diseases of the basal ganglia. Functionally, the operation 
of the basal ganglia is mediated by several distinct cortical-basal ganglia-thalamo-
cortical circuits such as the motor circuit, the oculomotor circuit, the dorsalateral 
prefrontal circuit and the lateral orbitofrontal circuit (Nauta and Domesick, 1984; 
Alexander and Crutcher, 1990). In each circuit projections are topographically 
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organized (Alexander et al 1990). Besides, the basal ganglia are involved in cognitive 
and memory functions through other parallel basal ganglia-thalamocortical circuits. 
Based on advances in the understanding of the anatomical, neurochemical and 
physiological organizations of the basal ganglia, Albin et al. (1989) proposed a unifying 
model of the functional organization of the basal ganglia, with emphasis on the motor 
functions, that accounts for both normal motor functions and pathophysiology of 
motor disorders associated with the basal ganglia. The model has been elaborated by 
Alexander and Crutcher (1990) based on the direct and indirect pathways of the flow 
of cortical information through the basal ganglia, as shown schematically in Fig. 1.2. 
According to this model, topographically specific cortical areas send excitatory, 
glutamatergic projections to the selected portions of the striatum, which is considered 
as the input stage of the basal ganglia. The cortical information is integrated with 
information from local spiny neurones and other afferents. There are two major 
pathways through the basal ganglia. A subpopulation of these spiny neurones, which 
use GABA and substance P as neurotransmitters and preferentially express the D1 
subtype of dopamine receptors, project directly to the output nuclei. On the other 
hand, the other subpopulation of spiny neurones, which use GABA and enkephalin as 
neurotransmitters and express the D2 subtype of dopamine receptors, send information 
to the output nuclei indirectly. Such information &st passes to the Gpe/GP, then from 
Gpe/GP to the STN via GABAergic pathway, and finally to the output nuclei via 
excitatory glutamatergic projection from the STN. The output nuclei, including Gpi/EP 
and SNR, exert tonic inhibition through GABAergic projection to their target nuclei in 
the thalamus. During activation of the corticostriatal pathway, the striatal neurones are 
activated. In the direct pathway, an increase in the activity of these neurones, which are 
GABAergic in nature, causes an increased inhibition of the GABAergic neurones in the 
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Figure 1.2 Parallel pathways of the basal ganglia circuitry proposed by Alexander and 
Crutcher (1990). According to this model, cortical information reaches the striatum, and 
finally to the output nuclei through the parallel but functionally opposite 'direct' and 
‘indirect pathways. In the direct pathway, the striatum projects directly to the output 
nuclei, GPi/SNR. In the indirect pathway, the striatum projects to the output nuclei 
indirectly, first through an inhibitory input to GPe, then via an inhibitory projection from 
GPe to STN. Finally, STN sends an excitatory projection to the Gpi/SNR. Inhibitory 
neurones and pathways are shown as filled symbols while excitatory neurones and 
pathways are shown as open symbols. 
Fig. 1.2 
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output nuclei and subsequently disinhibits the thalamic cells. The resulting activation of 
the excitatory thalamocortical neurones is thought to facilitate movement by activating 
premotor and supplementary motor areas. On the other hand, in the indirect pathway, 
cortical striatal excitation would lead to opposite functional effects. Activation of 
corticostriatal fibres results in increased activity of the striatal neurones, which in turn 
inhibit the tonically active GABAergic neurones in the Gpe/GP. Inhibition of these 
neurones disinhibits the activity of excitatory glutamatergic projection from STN to the 
output nuclei and causes increased inhibition of the thalamic neurones. This would lead 
to a decreased excitation of the supplementary motor area. To sum up, the basal 
ganglia circuit model consists of two parallel and opposing pathways: direct and 
indirect pathways. The increased activity of the direct pathway is associated with 
facilitation of movement while an increased activity of the indirect pathway is 
associated with inhibition of movement. The effect of dopaminergic projection from 
the SNC on neurones in the striatum is complex. Dopamine excites the direct pathway 
by activating a subpopulation of striatal spiny neurones which express D1 receptors 
and use GABA and substance P as neurotransmitters. In contrast, dopamine inhibits 
the indirect pathway by inhibiting the other subpopulation of striatal spiny neurones 
that express D2 receptors and use GABA and enkephalin as neurotransmitters. Since 
the direct pathway tends to facilitate movement, while the indirect pathway tends to 
inhibit movement, dopamine appears to facilitate movement by acting on both 
pathways. 
Based on the general concepts of the direct and indirect pathways of the basal 
ganglia-thalamocortical circuitry and new anatomical findings, Smith et al., in 1998 
proposed an updated version of the scheme of the basal ganglia circuitry (Fig 1.3), 
which takes into account the multiple routes of the indirect pathways, the interaction 
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between direct and indirect pathways, and also that between different routes of indirect 
pathways. There are several routes for flow of cortical information along the indirect 
pathways. It is well known Gpe/GP sends information to the output structures via 
STN. Besides, Gpe/GP projects directly via massive inhibitory projections to proximal 
parts of Gpi/EP, and SNR. Furthermore, Gpe/GP projects to the reticular nucleus 
(RTN). Each route of the indirect pathways produces the same effect on motor 
activities. For example, activation of corticostriatal pathway causes inhibition of 
Gpe/GP neurones. Through the Gpe-STN-Gpi/SNR route, the output neurones are 
activated by the increase of the glutamatergic input from the STN. Through the Gpe-
Gpi/SNR route, the output neurones are relieved from tonic GABAergic inhibition 
from Gpe. Besides Smith et al. (1998) pointed out that the interactions between direct 
and indirect pathways, and between different routes of indirect pathways, occur at 
several levels within the basal ganglia. Within the striatum, striatal projecting neurones 
of the direct pathway are synaptically interconnected with striatal projecting neurones 
of the indirect pathway, and the direct and indirect pathways converge at the synaptic 
level on single output neurones of the basal ganglia. Moreover, projections from 
cerebral cortex and Gpe/GP converge at the synaptic level of single STN cell. 
Furthermore, interconnections between the STN and the two divisions of pallidal 
complex are highly specific. 
Based on this model, the pathophysiology of movement associated with basal 
ganglia, such as Parkinson's disease, can be explained by the disturbances in different 
portions of the two counterbalanced pathways (Bergman et al. 1990; Bergman et al. 
1994; Filion and Tremblay. 1995; Schmidt. 1995). Moreover, the model provides a 
rationale justifying the application of dopamine precursor, glutamate antagonists, and 
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Figure 1.3 An updated model of the basal ganglia circuitry (from Smith et al., 1998) 
proposes the existence of multiple indirect pathways through GPe, such as from GPe to 
the output nuclei (Gpi/SNR) and to the reticular nucleus. Moreover, the model suggests 
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lesion of STN in the treatmaent of Parkinson's diseases ( Greenamyre and O'Brien, 
1991; Klockgether et al. 1991; Greenamyre 1993). 
1.3 Excitatory glutamatergic inputs on SNR 
Previous studies showed that SNR receives excitatory inputs mainly from the 
STN (Van Der Kooy and Hattori, 1980; Ricardo, 1980; Kita and Kitai, 1987; Smith et 
al., 1990). Besides, the cortex (Strom-Mathisen and Ottersen, 1989) and pedunculo-
pontine nuclei (Scarnati et al., 1986) also project excitatory drives to SNR. Since SNR 
is a major output nuclei of basal ganglia, the nature of excitatory drives and glutamate 
receptors on SNR would be very important in understanding both normal functions 
and pathophysiology of the basal ganglia. For example, several lines of evidence (Pan 
et al. 1983; Pan et al. 1985; Albin et al. 1989; Bergman et al. 1990; Greenamyre and 
O'Brien. 1991; Greenamyre 1993; Schmidt 1995) suggest that degeneration of 
dopamine neurones in Parkinson's disease results in an excessive activity in the STN 
and causes an increased inhibitory output from the basal ganglia to the thalamus and 
the subsequent hypokinetic behavioral syndrome. Some experiments demonstrated that 
lesion of STN (Bergman et al. 1990) microinjection of glutamate receptor antagonists 
such as kynurenic acid, NBQX and APV into the SNR reduces the activity of SNR 
neurones (Robledo and Feger. 1990) that causes reversal of the experimental 
parkinsonism (Klockgether et al. 1991; Greenamyre 1993). Conversely, hyperkinetic 
behavioral syndromes are associated with reduced glutamatergic transmission of the 
STN to the SNR. Demonstrated by Burns et al. (1993) microinjection of AMPA into 
the SNR attenuates hyperkinetic syndrome of contralateral rotation. However, the 
properties of the ionotropic glutamate receptors and their roles in mediating the EPSCs 
in SNR neurones are relatively unexplored. 
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1.4 Aim of study 
In this project, I aimed to study the electrophysiological properties of the SNR 
neurones and the properties of AMPA and NMDA receptors in the acutely prepared 
rat midbrain slices. To achieve these aims, I adopted an improved patch clamp method 
that aids the visualization, and therefore recording, of neurones within the brain slice. 
The electrophysiological and pharmacological characteristics of the AMPA and 
NMDA receptors on SNR neurones are studied by the application of these agonists 
and examining the properties of the EPSCs mediated by these receptors. 
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Chapter 2 
Electrophysiological properties of SNR neurones 
2.1. Introduction 
The primary purpose of this thesis is to investigate the functional expression of 
excitatory amino acid ionotropic receptors on SNR GABA output neurones. It is 
therefore very important to make sure that the correct type of neurones are selected 
for experiments. As described in the last chapter, the substantia, nigra (SN) can be 
anatomically divided into the dorsal pars compacta (SNC) and the ventral pars 
reticulata (SNR). The SNC contains densely packed dopamine neurones projecting to 
striatum (Beckstead et al 1979) while the SNR contains mainly GABA neurones 
(Oertel et al. 1982) which project to the thalamus, the superior colliculus and the 
pedunculopontine nuclei (Beckstead et al. 1979; Bentivoglio et al. 1979). Although it 
is easy to distinguish these two different areas under the microscope, it is well known 
that SNR also contains some scattered dopaminergic neurones which are believed to 
be displaced from the dorsal SNC (e.g. Yung et al., 1991). Therefore, during 
recording, the electrophysiological property of a neurone would be essential to identify 
its neuronal type. 
The electrophysiological characteristics of SNC dopamine neurones in vitro 
were well documented (Grace & 0 1989; Lacey et al., 1989; Yung et al. 1991; 
Nedergraard and Greenfield 1992; Richards et al. 1997). They are characterized by a 
slow pacemaker pattern of firing at rest, long action potential, a pronounced spike 
after-hyperpolarization (AHP), a low threshold calcium spike, and strong transient 
outward and time dependent hyperpolarization-activated inward rectifications. In 
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contrast, and surprisingly, there were notably very few intracellular recordings that 
revealed the membrane properties of SNR GABA neurones (Nakanishi et al. 1987; 
Richards et al. 1997). This was presumably due to the difficulty in impaling and 
patching these cells through the conventional blind technique as a result of the low 
density of neurones in SNR. In the present study, by adopting an improved patch 
clamp method which enables us to record from visually identified neurones in the brain 
slices, the basic electrophysiological properties of GABA neurones in the SNR were 
studied in detail. Moreover, injection of the tracer biocytin into some recorded 
neurones was used to reveal the general morphology of these neurones. The data show 
that presumed GABA neurones are characterized by a high spontaneous firing rate, 
relatively short action potential, biphasic spike AHP, weak or absence of low threshold 
calcium spike, lack of a transient outward rectification and a weak time dependent 
inward rectification. These properties contrast sharply with those of dopamine 
neurones present within SNR. 
2.2 Methods 
2.2.1 In vitro slice preparation and maintenance 
Two to three weeks old Sprague-Dawley rats of either sex were used. The 
animal was sacrificed by decapitation, and the whole brain was quickly removed from 
the skull and instantly placed in ice-cold artificial cerebral spinal fluid (ACSF, see 
below), which was continuously bubbled with carbogen (95% 0 2 and 5% C02). The 
brain tissue was glued with cyanoacrylate to the stage of a vibratome (Campden 
Instruments). For each brain, 2 to 3 coronal slices containing SN were trimmed. The 
most caudal slice usually contains the accessory optic tract and the most rostral slice 
contains the mammillary body and supramammillary decussation, each about 250 \xm 
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thick. The slices were immediately transferred into a holding chamber containing 
ACSF maintained at 34.5 10C and bubbled with carbogen. They were allowed to 
equilibrate for at least 30 minutes before experiments. 
2.2.2 Whole cell patch-clamp recording 
During an experiment, a slice was transferred into a small volume (-0.5 ml) 
submersion recording chamber which was designed for patch-clamp recordings, 
allowing optimal visualization of the brain slice and rapid supervision. The position of 
the slice in the submersion chamber was secured by a weight which consisted of a 
nylon grid glued firmly on a C-shaped metal ring. The slice in the recording chamber 
was continuously superfused with carbogen-aerated ACSF at 33 - 35°C at a rate of 1.5 
-2.0 ml/min. SNR can be recognized with a low power objective (5X) and transmitted 
light. A glass microelectrode was placed into the region under visual control. They 
were pulled from microhaematocrit tubings (Vitrex) by a micropipette puller (Sutter 
Instrument) and filled with potassium gluconate internal solution (see below). The 
pipette resistance ranged from 3 - 5 MQ when filled with the internal solution. Using a 
high power objective (40X) neuronal somata and proximal dendrites of medium to 
large neurones within the SNR could be clearly visualized by a combination of 
differential interference contrast (DIC) optics and infra-red (IR) video microscopy 
(Hamamatsu C2400-07) following the method pioneered by Stuart et al. (1993). The 
approach of a microelectrode to the target neurone was controlled by a motorized 
micromanipulator and was assisted visually by the IR-DIC optics. Conventional whole 
cell patch clamp recordings were obtained using a patch-clamp amplifier (LM/PCA, 
List-Medical). The membrane current signal was filtered at 3 or 5 kHz and was taped 
using a DAT recorder (Sony 57ES) modified for recording AC and DC signals at a 
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sampling rate of 32 kHz. Pulsed protocols were generated and on-/off-line digitization 
(5kHz) was made via the CED 1401 plus interface and the Patch and Voltage Clamp 
software package (Cambridge Electronics Design). 
2.2.3 Solutions and drugs 
The composition of the ACSF was (in mM): NaCl 125; KC1 2.5; MgS04 1.2; 
CaCl2 2.5; NaHP04 1.2; glucose 11.5; and NaHC03 26 which was continuously 
bubbled with carbogen. In Co2+-containing ACSF, 2.5 mM of CaCl2 was replaced by 
the same concentration of CoCl2 and phosphate ions were omitted to prevent 
formation of precipitates. The composition of K-gluconate internal solution was (in 
mM): KC1140; EGTA 1.0; CaCl2 1.0; MgCl2 1.0; Na2ATP 2.0; HEPES 10 and the pH 
was adjusted to 7.3 with KOH. 
2.2.4 Histological methods 
Biocytin was injected into a number of cells for subsequent identification, 
immunostaining, and somatodendritic morphology reconstruction of the recorded 
neurones. This was achieved by filling the microelectrodes with an internal solution 
containing 1% biocytin (Vector). After whole cell configuration was achieved, biocytin 
would difiuse into the soma and dendrites. Following recording, the slices were 
transferred into 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) of pH 
7.4 and left overnight. The slices were then reacted with SG solution (Vector) in the 
presence of H202 for 10-20 minutes in order to label the biocytin-filled neurones. 
Afterward, the slices were mounted on glass slides using Vector Shield. Labeled 
neurones were reconstructed using a confocal microscope (Bio-Rad 1000). 
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2.2.5 Data analysis 
Membrane time constants were measured using the averaged responses to 100 
brief (0.5 ms) hyperpolarizing pulses of-1.0 pA delivered at 1 - 2 Hz. Numerical data 
were expressed as mean SEM. Student's t-test was used for statistical analysis. 
2.3 Results 
A total of 31 neurones recorded from the SNR were selected for analysis. 
According to their electrophysiological properties, they can be classified into 2 broad 
types. Among them 9 neurones exhibited the characteristics of the well documented 
dopamine neurones while 22 of which were assumed to be GABA output neurones. 
Small-sized neurones were avoided as they were likely to be interneurones (Juraska et 
al. 1976). For some presumed GABA neurones, biocytin was injected for subsequent 
morphological analysis. 
2.3.1 Passive membrane properties of SNR neurones 
The input resistance of a neurone was measured by the ratio of a 10 mV 
hyperpolarizing voltage step to the current response of the neurone in whole cell 
configuration. The mean input resistance of the presumed GABA neurones was 375 
4 7
 (n = 14 Table 1), which was significantly higher than that of presumed 
dopamine neurones (236 26 MQ, n = 12). The capacitance of GABA neurones was 
41 4 pF (Table 1) which was significantly lower than that of dopamine neurones (78 
7 pF). As shown in Fig. 2.1, the membrane time constants were calculated from the 
slope of the least square fit to the semi-logarithmic plot of averaged voltage response 
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Firing rate (Hz) 10.66±0.56 (n=21) 
Action potential amplitude (mV) 59.07±1.83 (n=21) 
Action potential width (ms) 2.03±0.18 (n=21) 
Rising rate (V/s) — 65.43 3.32 (n=21) 
Falling rate (V/s) 61.77 2.66 (n=21) 
Fast AHP amplitude (mV) 8.37±0.93 (n=14) 
Fast AHP latency (ms) 0.53±0.05 (n=14) 
Slow AHP amplitude (mV) 13.50±0.48 (n=21) 
Slow AHP latency (ms) 18.39±1.03 (n=21) 
Resting membrane potential (mV) -51 ±2 (n=20) 
Input resistance (MQ ) 375±47 (n=14) 
Membrane time constant (ms) 34.5±4 (n=15) 
Capacitance (pF) 41±4(n=21) 
Table 1 Action potential characteristics and passive membrane properties of SNR 
GABA neurones 
against time. The time constant of GABA neurones was 3 5 ± 4 m s ( n = 1 5 , Table 1), 
which was not significantly different from that of dopamine neurones (33 4 ms, n = 
12). 
2.3.2 Firing rate and action potential characteristics 
The resting membrane potential of the presumed SNR GABA neurones was -
51 ± 2 mV (n = 20, Table 1). The neurones had a relatively high firing rate at rest (10.7 
0.6 Hz; n = 21 Fig. 2.2A), which is much higher than that of SNR dopamine 
neurones found within SNR (2.7 0.8 Hz; n = 4). GABA neurones also displayed a 
relatively brief action potential (2.0 0.2 ms, measured at threshold, see Fig. 2.2C), 
which was significantly shorter than that of dopamine neurones (>3.0 ms). Notably, 
the rate of rise of the action potential (65.4 3.3 V/s) was comparable to the rate of 
fall (61.8 2.7 V/s). A biphasic spike aflerhyperpolarization (AHP) was found in the 
GABA neurones (Fig. 2.2B). On the other hand, dopamine neurones had an AHP with 
a larger amplitude and longer latency. 
2.3.3 Firing patterns 
The neurones fired in a fast-spiking manner, but was not always regular or 
pace-maker like. The firing rate was sensitive to changes in membrane potential altered 
by current injection. However, these neurones did not fire in burst despite changes in 
membrane potential or other manipulations such as sudden depolarization from a 
hyperpolarized membrane potential (-70 to -80 mV). This characteristic is illustrated in 
Fig. 2.3 and is consistent with our observation that no low threshold calcium spike in 
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Fig. 2.1 (A) The averaged voltage response (from 100 records) of a GABA neuron to 
injection of 0.5 ms hyperpolarizing current pulses at -65 mV. (B) The time constant was 
calculated from the slope of voltage decay derived from the least square fit to a suitable 






























































































Figure 2.2 (A) A typical example of the resting firing pattern of SNR GAB A neurones. 
(B) An action potential displayed at a faster time base showing more clearly the typical 
biphasic afterhyperpolarization (AHP) which consists of a fast (single arrow) and a slow 
(double arrows) phase. The numbers ‘5 and '6 indicates how one measured the 
amplitude and latency respectively of the slow AHP (C) The height and width of the 
action potential are indicated by '1' and ‘2 respectively. ‘3 and ‘4’ measure the 






































































































the form of regenerative potential was observed even after the action potential was 
blocked by tetrodotoxin (not shown). 
2.3.4 Weak hyperpolarization activated inward rectification 
One of the major characteristics of dopamine neurones is the presence of a 
strong, slowly developing inward current, known as Ih, which is observed in response 
to a hyperpolarizing current pulse. To test for the presence of Ih, presumed GABA 
neurones were held at -65 mV and the voltage responses to a series of hyperpolarizing 
current injection were obtained. As shown by the typical example in Fig. 2.4A the 
inward rectification exhibited by GABA neurones was weak. In contrast, dopamine 
neurone showed a much bigger inward rectification (Fig. 2.4A, inset). In order to 
quantify the degree of rectification, the current-voltage relationships of GABA 
neurones (Fig. 2.4B) and dopamine neurones (Fig. 2.4B, inset) were plotted. The 
voltage response was measured at its peak and at steady-state. The rectification index 
was calculated as: 1 - steady-state response/peak response. The histogram shown in 
Fig. 2.4C summarized the data from 34 SNR neurones. There were apparently two 
distinct populations of neurones: one population with a mean rectification index of 
about 0.1 while the other with a mean index of about 0.45. The former are likely to be 
GABA neurones while the latter are dopamine neurones. 
2.3.5 Slow afterhyperpolarization 
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Figure 2.3 GABA neurons in SNR are non-bursting neurones. (A) Depolarized currents 
injected from -65 mV evoked a series of action potentials. (B) No burst firing was evoked 
in response to depolarization even when the membrane potential was held at -75 mV. 
j 

Figure 2.4 (A) The traces show the voltage changes of a GABA neurone, held at -65 mV, 
in response to a series of depolarizing currents. Typically, GABA neurones exhibit a weak 
hyperpolarization activated inward rectification, in contrast to the strong rectification 
exhibited by dopamine neurones shown in the inset. (B) The rectification was 
characterized by plotting the voltage responses at their peaks (lower trace) and just before 
the end of the current pulse (upper trace), as a function of the current injected. Those of a 
dopamine neurone are shown in the inset for comparison. (C) The distribution of neurones 
with varying degree of rectification (see text). The data are consistent with the notion of 




Following a single action potential (Fig. 2.5A) or trains of action potentials 
activated by a long pulse of depolarizing current (Fig. 2.5B), a slow after-
hyperpolarization (AHP) was generated in the presumed GABA neurones. It has been 
suggested in other neurones (e.g. Sah 1996) that opening of Ca2+-activated K+ channels 
with small conductance (SKca) underlies these types of AHP. In our experiments, when 
the control ACSF was replaced by Ca2+-free ACSF containing 2.5 mM Co2+, the post 
spike slow AHP (Fig. 2.5 A) and the long lasting AHP after a train of action potentials 
were abolished (Fig. 2.5A and 2.5C), which supported the involvement of Ca2+-
activated outward currents. 
2.3.6 Current-frequency relationships of SNR neurones 
The dependency of the firing frequency on injected current (the current-
frequency relationship) of GABA neurones were studied by passing a series of 
depolarizing currents ranging from 50 pA - 300 pA. As shown in Fig. 2.6A, the bigger 
the current injected, the higher the firing frequency. These neurones display little 
frequency adaptation and were able to generate a substantially higher firing frequency 
than at rest. The current-frequency relationship is shown in Fig. 2.6B, and has an 
approximately linear relationship in the range of current tested. 
2.3.7 Morphology of labelled SNR neurones 
After electrophysiological recordings, six biocytin-labelled neurones were 
recovered and reconstructed from 200-250 |im coronal midbrain slices. The neurones 
were medium in size: 23-30 jim along the major axis and 12-20 \xm along the minor 
axis. The shape of these neurones were oval, fusiform or trangular. Each neurone had 
three to five primary dendrites. Large diameter dendritic trunks usually leave from the 
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Fig. 2.5 (A) A postspike AHP is clearly seen (single arrow) in the presence of normal Ca2+ 
concentration. When Ca2+-free ACSF containing 2.5 mM of Co2+ was supervised the post 
spike AHP was abolished. (B) In many SNR neuornes, when a long (500 ms) depolarizing 
current was injected, a long-lasting AHP (double arrows) follows a train of action 
potentials. (C) The long lasting AHP was eliminated in the presence of Co2+-containing 
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Fig. 2.6 (A) Responses of atypical SNR GABA neurone to depolarizing current injection 
(50pA- 300pA). The neurone was able to fire at high frequency with little accommodation. 
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poles of fusiform and triangular neurones. The other primary dendrites, with smaller 
diameters, emerged from somata. Some distance away from the somata, the primary 
dendrites branched dichotomically into secondary dendrites and then into higher order 
dendrites. Observed from the confocal photographs, the local dendritic branching of 
the GABA neurones was sparse. On the whole, there was no apparent preferred 
dendritic orientation. In some neurones, e.g. the cell shown in Fig. 2.7 the unbranched 
axon could be identified by having a relatively small diameter when compared with 
proximal dendrites. 
2.4 Discussion and conclusion 
The aim of the study is to characterize the passive and active membrane 
properties of presumed GABA neurones in the midbrain SNR. The data showed that 
the majority of the neurones recorded from SNR have electrophysiological properties 
quite different from that of SNC or SNR dopamine neurones (Grace and Onn 1989; 
Nakanishi et al. 1987; Yung et al. 1991; Nedergraard and Greenfield 1992; Hajos and 
Greenfield 1993; Richards et al. 1997). In addition to the differences in the passive 
membrane properties including input resistance and capacitance, which probably reflect 
differences in the cell size, other criteria such as action potential width and AHP 
characteristics are also useful in distinguishing these two groups of neurones. 
The firing rate of the SNR GABA neurones is relatively high at rest and can 
further be increased by depolarizing current injections. The current-voltage relationship 
is roughly linear and the firing accommodates relatively little. These properties are in 
contrast with those of dopamine neurones found in SN, which display pace-maker-like 
firing in a low frequency. Several factors may contribute to these differences. First, 
SNR GABA neurones lack a pacemaker like slow depolarization which has been 
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Fig. 2.7 - 2.9 Morphology of presumed SNR GABA neurones 
(A) Confocal images of the biocytin-filled SNR GABA neurones 
(B) Morphological reconstruction of the neurones located within the SNR (insets) 
Fig. 2.7 At each pole of this triangular-shaped SNR neurone a large diameter dendritic 
trunk emerged. The dendritic trees ran in medial, dorsal and lateral directions. The small 
diameter unbranched process which ran in the ventral direction is likely to be the axon. 









Fig. 2.7 (B) 
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Fig. 2.8 These two neurones were located in the middle SNR. Cell 1 was oval and cell 
2 was fusiform in shape. Cell 1 had three primary dendrites, two of them projected to 
medial direction and one projected to lateral direction. Each primary dendrites 
branched dichotomically into secondary dendrites and then into higher order dendrites. 
In cell 2, three primary dendrites were found, the biggest primary dendritic truck 
projected to dorsal direction, divided most extensively and gave rise to five secondary 
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Fig. 2.9 This labelled neurone was triangular in shape giving rise to three primary 
dendrites. There was relatively few branching of the dendrites but some of them were 
clearly truncated. 
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shown to trigger slow rhythmic firing of dopamine neurones (Yung et al., 1991; Kang 
and Kitai 1993a; Kang and Kitai 1993b). Moreover, the absence of a transient outward 
rectification (A-current) in GAB A neurones does not result in the slowing down of the 
rate of membrane depolarization towards the threshold of action potential as in 
dopamine neurones (Yung et al. 1991). Furthermore, the postspike AHP in SNR 
GABA neurones is relatively weak. In contrast, the pronounced AHP in dopamine 
neurones may constrain the rate of firing (Yung et al. 1991), which is supported by the 
finding that blockade of the AHP by apamine increased the firing rate of dopamine 
neurones (Shepard and Bunney 1991). 
The presence of a strong hyperpolarization-activated inward rectifier, which is 
relatively weak in SNR neurones, also prevents over-hyperpolarization of dopamine 
neurones. It therefore seems that the various active currents of dopamine neurones 
help to prevent big fluctuations in firing rate while in SNR neurones the firing rate will 
be expected to depend on external synaptic drives. Nevertheless, SNR neurones do 
display active currents in addition to the classical voltage-dependent Na+ and KT-
channels involved in the generation of action potentials. For example, the brief AHP 
following single spike or trains of action potential are mediated by calcium dependent 
potassium conductance. In most of the recorded GABA neurones, a biphasic AHP was 
followed a single spike. Both the fast and slow AHP were abolished in Ca2+ free Co2+ 
containing ACSF. The abolishment of fast AHP were presumably due to inactivation of 
Ca2+-activated K+ channels with large conductance which are also partially involved in 
action potential repolarization, while blockade of the slow AHP is due to inhibition of 
Ca2+-activated K+ channels with small conductance (Sah, 1996). It is reasonable to 
assume that Ca2+ enters the neurones by means of high-threshold voltage-sensitive Ca2+ 
channels. However, we do not have evidence that such channels exist in SNR 
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neurones. Similarly, the absence of bursting properties in the SNR GABA neurones 
implies a lack of low threshold calcium spikes/channels. The result is in line with 
previous in vivo (Wilson et al.1977) and in vitro electrophysiological studies 
(Nakanishi et al. 1987; Yung et al. 1991; Richard et al. 1997) showing that no bursting 
was found in SNR GABA projection neurones. 
The membrane properties revealed in the present study are generally in 
agreement with those few previous studies (Richard et al. 1997; Hajos & Greenfield 
1993). A major discrepency, however, is the presence of a clear, although modest, 
hyperpolarization-activated inward rectification found in our cells. This may probably 
be due to the higher sensitivity of patch-clamp recordings. The higher whole-cell input 
resistance in whole-cell recording is more likely to reveal the presence of weaker 
currents. 
The morphology of the few labelled neurones revealed that their size and shape 
were comparable to those described in other reports (Grofova et al. 1982; Richards et 
al. 1997). However, the dendritric arborization of the SNR GABA neurones recorded 
in our experiments was relatively sparse (Juraska et al. 1977; Deniau et al. 1982'; 
Grofova et al. 1982; Richards et al. 1997). These may be due to differences in 
techniques such as orientation and thickness of the slices or methods in staining and 
reconstruction, but could also be due to the fact that relatively young rats were used in 
our experiments. 
In conclusion, the electrophysiological membrane properties of presumed 
GABA neurones were characterized by relatively few active membrane currents. It is 
expected that the overall activity of these neurones is determined mainly by the 
relatively strength of excitatory and inhibitory synaptic inputs. When excitatory inputs 
dominate, high firing rate may result. On the other hand, strong inhibitory inputs would 
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result in cessation of firing. Thus, these neurones do little modification of incoming 
signals and serve as ideal relay cells. However, it should be borne in mind that these 
neurones send axon collaterals to neighbouring cells (Deniau et al. 1982; Hajos and 




AMPA and NMDA induced membrane responses 
3.1. Introduction 
As described in chapter 1 the substantia nigra pars recticulata (SNR) is one of 
the main output nuclei in the basal ganglia involved in control of extrapyramidal motor 
activities. It is well known that SNR neurones are under strong synaptic inhibition 
notably from striatum and globus pallidus (Smith and Bolam, 1989; Von Krosigk et al., 
1992; Hausser and Yung, 1994). Moreover, ligand binding study (Albin et al., 1992) 
in situ hybridization analysis (Monyer et al., 1994; Standaert et al., 1994; Gold et al., 
1997; Wullner et al, 1997 Jakowec et al., 1998), immunocytochemical studies 
(Petralia and Wenthold, 1992; Martin et al, 1993; Paquet and Smith, 1996) and in vivo 
electrophysiological study (Zhang et al., 1994) supported that glutamatergic excitatory 
inputs and glutamate receptors also play an important role in controlling these 
neurones. 
An abnormal excitatory drive originating from the SNR has been suggested to 
be involved in human motor disorders and their models in rodents (Albin et al., 1989; 
Levy et al., 1997). However, there is relatively little information on the 
electrophysiological characteristics of glutamate receptors on SNR neurones 
(Nakanishi et al, 1987; Gotz et al. 1997). In this chapter, whole cell patch clamp 
recording was performed to study the electrophysiological characteristics of ionotropic 
glutamate receptors involved in AMPA and NMDA induced responses on 
electrophysiological^ identified SNR GABA neurones. 
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3.2 Methods 
3.2.1 In vitro slice preparation and maintenance 
These are described in detail in chapter 2. Essentially, midbrain slices of 250 
|am containing the substantia nigra were acutely prepared. They were maintained in a 
holding chamber before transferred to a recording chamber and supervised with 
oxygenated ACSF. 
3.2.2 Electrophysiological recordings 
Whole-cell patch clamp recordings were obtained from SNR neurones as 
described in detail in chapter 2. However, both current-clamp and voltage-clamp 
recording modes were used to characterize the actions of AMPA and NMD A. 
3.2.3 Solutions and drugs 
The composition of ACSF was (in mM): NaCl 125; KC1 2.5; MgS04 1.2; 
CaCk 2.5; NaHP04 1.2; glucose 11.5; NaHC03 26, and was continuously bubbled 
with 95 % O2, 5 % CO2. Since NMD A response is known to be suppressed by 
extracellular Mg2+ (Ault et al., 1980; Mayer and Westbrook, 1987), MgS04 was 
normally omitted in experiments involving NMD A, unless otherwise stated. The 
composition of K-gluconate internal solution was (in mM): K-gluconate 130; KC1 10; 
EGTA 1.0; CaCl2 1.0; MgCl2 1.0; Na2ATP 2.0; HEPES 10 and pH adjusted to 7.3 
with KOH. In measuring the current-voltage relationship, in order to increase the input 
resistance of whole-cell patched neurone and hence reduce space-clamp errors, CsCl 
internal solution was used in which 140 mM of CsCl was used to substitute 130 mM 
K-gluconate and 10 mM KC1, and CsOH was used to adjust the pH to 7.3. The drug 
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used in the experiments were AMPA, NMDA, l,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo[f]quinoxaline-7-sulfonamide (NBQX), JSTX, spermine tetrahydrochloride 
(spermine), (±)-2-amino-5-phosphonopentanoic acid (APV) (Research Biochemicals 
Incorporated, or RBI), and glycine (Merck). 
3.2.4 Drug application 
The application of drug was accomplished by immersing the suction tubing 
from ACSF to one containing additionally a test substance at known concentration. 
The time required for complete exchange of solutions in the perfusion chamber was 
about 3 minutes. 
3.2.5 Immunocytochemistry 
In some experiments, biocytin (Sigma) was injected into a number of neurones 
for later identification. Following electrophysiological and pharmacological 
investigation of AMPA induced responses, the slice containing biocytin-labelled SNR 
neurone was transferred into 4 % paraformaldehyde in 0.1 M phosphate buffer saline 
pH 7.4 (PBS) and left overnight at 4 °C. After washing 3X in PBS, the slices were pre-
incubated in normal goat serum (4 %) in PBS for 1 hour at room temperature. 
Subsequently, the slices were transferred into primary antibody solution (rabbit 
polyclonal, specific against GluR2; used at 0.5 mg /ml in PBS-Triton; Chemicon) and 
were incubated at room temperature overnight. After washing 3X in PBS, the slices 
were incubated in ABC secondary antibody solution (goat-anti-rabbit used at dilution 
of 1:200 in PBS-Triton; Vector Laboratories) for 2 hours at room temperature. They 
were then washed 3X with PBS and reacted in Vector SG solution in the presence of 
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H2O2 (Vector Laboratories). After 10-20 minutes the reaction was stopped by several 
washes in PBS. 
3.2.6 Data analysis 
The average values are expressed as mean standard error of mean (S.E.M.). 
Statistical significance was determined asp <0.05 using the paired Student's t-test. 
3.3 Results 
3.3.1 The AMPA-induced response in SNR GABA neurones 
In the first series of experiments, current- and voltage-clamp recordings were 
made from GABA neurones in SNR to characterize their membrane responses to bath 
application of AMPA, the selective agonist for AMPA receptor. The specificity of the 
responses on AMPA receptor and its subtype were studied by the action of the 
selective antagonist NBQX, Joro spinder toxin (JSTX) and spermine. 
3.3.1.1 AMPA induced depolarization of membrane potential 
In current clamp recordings, bath application of 30 |iM of AMPA consistently 
induced depolarization of the membrane of SNR GABA neurones. At this 
concentration of AMPA, the magnitude of the depolarization was usually big enough 
to lead to inhibition of firing presumably due to inactivation of the Na channels 
underlying the action potentials. A typical example is shown in Fig. 3.1. During such 
recordings, square hyperpolarizing current pulses were routinely applied at constant 
time intervals, usually every 3 seconds, to monitor the membrane input resistance. A 
dramatic decrease in the input resistance was usually observed (mean decrease = 65 
12% n = 4), indicating an increase in membrane conductance. 
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Fig. 3.1 (A) 30 j i M of A M P A induced a strong depolarization of membrane potential in 
current clamp condition. The cessation of firing response was likely to be due to 
inactivation of the voltage sensitive sodium channels. The downward deflections 
represent the response to periodic injection of hyperpolarizing currents, as a means to 
monitor the membrane input resistance, which was decreased during AMPA 
application. An expanded view of these responses, and the waveform of the currents, 
are shown in (B). 
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3.3.1.2. AMPA induced membrane current 
Consistent with the current-clamp data, application of AMPA induced an 
inward current when the membrane of the SNR neurones was voltage-clamped at -
70mV. The response was reversible when the AMPA was washed out. To better 
quantify the response, the dose-response curve of AMPA induced membrane currents 
was constructed. Different concentrations of AMPA were applied randomly for 30 s, 
allowing washing periods in between, and the peak currents were measured (Fig. 
3.2A). The dose-response curve (Fig. 3.2B) of AMPA induced current was 
constructed. The EC5o was estimated to be about 30 jiM. 
3.3.1.3. The current-voltage relationship 
To better understand the nature and ionic mechanisms mediating the AMPA-
activated response, the current-voltage relationship was studied. Voltage ramps from -
90 mV to +50 mV in 500 ms were applied to an SNR neurone in the absence and 
presence of 30 jiM of AMPA. The responses were averaged and the current-voltage 
relationship of AMPA-activated response was then constructed by digital subtraction. 
In the example shown in Figure 3.3, the AMPA-activated conductance typically 
exhibited a slightly outward rectification. The average value of the reversal potential 
obtained from 3 neurones was -5.7 8.4 mV, suggesting the involvement of a non-
selective cation channel. 
3.3.1.4. Effect of NBQX 
The selectivity of the action of AMPA on non-NMDA receptor was studied by 
examining the effect of NBQX, a competitive non-NMDA receptor antagonist. It also 
has a relatively high selectivity on the AMPA receptor subtype over the kainate 
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Fig. 3. 2 (A) In voltage clamp recording, AMPA induced a dose-dependent current in 
an SNR neurone held at -75 mV. The horizontal bar represents the time of AMPA 
I 
application. (B) Dose-response curve of AMPA induced current. The EC50 was 
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Fig. 3.3 The current-voltage relationship of AMPA induced response was slightly 
outward rectifying, similar to those of other neurones possessing type I AMPA 
receptors. 
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receptor (Randle et al., 1992). The membrane current of SNR neurones induced by a 
brief exposure (20 - 30 s) to 30 (iM of AMPA was first obtained. After washing, the 
response was tested again in the presence of 10 pM of NBQX. NBQX itself did not 
induce any response but was able to abolish the response to AMPA. A typical example 
is shown in Fig. 3.4. In a total of 6 cells, the control response to AMPA was 241.0 
52.3 pA, which was reduced to 6.6 3.3 pA (p < 0.05). 
3.3.1.5 Effects of JSTX and spermine 
As described in chapter 1, it has been proposed that, based on 
electrophysiological, molecular and pharmacological evidence, there are at least two 
subtypes of AMPA receptors (for review see Ozawa et al., 1998). Type II AMPA 
receptors can be blocked selectively by JSTX and spermine in a non-competitive 
manner. We therefore tested the effects of these two compounds on the responses of 
SNR neurones to AMPA. In 7 neurones tested, there was no significant difference 
between AMPA induced currents in the absence and presence of JSTX. The peak 
amplitudes induced were 508.3 94.8 pA and 457.7 78.6 pA respectively (p > 0.05). 
A typical example is shown in Fig. 3.5. Similarly, spermine did not have any significant 
effect. The current induced by 30 i^M of AMPA in 6 neurones in the absence and 
presence of spermine were 237.4 28.8 pA and 250.0 39.5 pA respectively (p > 
0.05, Fig. 3.6). 
3.3.2 NMDA-induced response in SNR GABA neurones 
3.3.2.1 NMDA induced depolarization of membrane potential 
We tested the effect of NMDA on the membrane potential of SNR neurones in 
current clamp recording. A single dose of NMDA (100 ^iM) was used. As shown in 
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Fig. 3.4 The inward current induced by 30 (iM of AMPA (upper trace) was eliminated 
by preperfusion of 10 )aM of NBQX (lower trace). 
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Fig. 3.5 AMPA induced inward current (upper trace) was unaffected by addition of 1 
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Fig. 3.6 Spermine did not inhibit AMPA induced current in SNR neurones. There was 
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Fig. 3.7, NMDA induced membrane depolarization in an SNR neurone in the presence 
(Fig. 3.7A) and absence (Fig. 3.7B) of Mg2+. Similar to AMPA induced responses, 
NMDA also decreased the input resistance of the patched neurone indicating opening 
of ion channels. In Mg2+ free ACSF, NMDA induced a larger membrane depolarization 
than in ACSF containing 1.2 mM of Mg2+. The result suggests that, as expected, Mg2+ 
suppresses the response to NMDA. 
3.3.2.2. NMDA induced current 
When voltage-clamped at -70 mV and in Mg2+ free ACSF containing 3 \xM of 
glycine as a positive modulator, perfusion of 30s of NMDA induced an inward current 
whose amplitude depended on the concentration and could be as big as 2 nA. Different 
concentrations of NMDA from 10 pM to ImM were applied to 6 neurones to study 
the dose-dependency. Up to 4 random doses were applied to a single neurone (Fig. 
3.8A) and a dose-response curve was then constructed (Fig. 3.8B). The EC50 of 
NMDA induced current was about 100 (iM. 
3.3.2.3 APV blocked NMDA induced current 
APV is a selective competitive antagonist of NMDA receptors (Watkins and 
Collingridge, 1989). Its effect on the action of NMDA was studied in 4 neurones. As 
shown in Fig. 3.9, 50 of APV significantly reduced the response of SNR neurones 
to 100 \xU of NMDA. 100 ^M of NMDA in Mg2+ free ACSF induced a current with 
mean amplitude of 674 134 pA, which was reduced to 127 32 pA in the presence 
of APV (p< 0.05). The data confirmed that NMDA-induced current was mediated by 
the glutamate NMDA receptor subtype. 
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Fig. 3.7 (A) NMDA induced membrane depolarization and increased whole cell 
conductance of SNR neurone in Mg2+-containing ACSF solution. (B) The NMDA 
induced membrane depolarization in Mg2+-free solution was greater than that in Mg2+ 
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Fig. 3.8 Bath application of NMDA induced a dose-dependent inward currents in an 
SNR neurone. The neurone was held at -70mV and in Mg2+-free ACSF containing 
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Fig. 3.9 50 |oM of APV significantly blocked the 100 \ M NMDA induced current in 
Mg2+ free solution. 
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3.3.2.4 Effect of glycine on NMDA induced response 
Johnson et al. (1987) demonstrated that as low as 10 jiM glycine facilitates 
excitatory transmission in the brain through an allosteric activation of the NMDA 
receptor. We studied the effect of glycine by comparing the effects of NMDA in 
glycine-free and glycine-containing ACSFs. Glycine at 3 fiM did not significantly 
increase the NMDA response. In normal ACSF, perfusion of 100 )iM of NMDA 
induced an inward current with a mean amplitude of 77.4 14.1 pA in 7 neurones 
(Fig. 3.1 OA). In the presence of 3 i^M of glycine, the same concentration of 100 |iM of 
NMDA induced a current with mean amplitude of 81.3 13.2 pA (Fig. 3.10B). There 
was no significant difference between them (p > 0.05). 
3.3.2.5 The NMDA response was sensitive to Mg2T 
To further investigate the Mg2+ sensitivity of NMDA induced response in SNR 
GABA neurones, NMDA induced currents in normal ACSF containing 1.2 mM of 
M g " and in Mg2+ free ACSF were analyzed. When the neurones were voltage-clamped 
at -70 mV, 100 i^M of NMDA in normal ACSF induced an inward current with a mean 
amplitude equal to 77.4 14.1 pA (n=7). In Mg2+ free ACSF, the same concentration 
of NMDA induced an inward current which had a much larger mean amplitude of 
700.0 88.3 pA (Fig. 3.10 A and C p < 0.05). In line with the results in the previous 
section, the response was not potentiated in the presence of glycine (624.3 73.2 pA, 
p > 0.05, Fig.3.10D). 
3.3.2.6 Current-voltage relationship of NMDA induced current 
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Fig. 3.10 In the absence of Mg2+, the small response of an SNR neurone to NMDA (A) 
was not potentiated by 3 jjM of glycine (B). In Mg2+-free ACSF, the response was 
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To study the current-voltage relationship of NMDA induced response, voltage 
ramps from -90 mV to +50 mV in 500 ms were applied to an SNR neurone in the 
absence and presence of 100 p,M of NMDA. The responses were averaged and the 
current-voltage relationship of NMDA-activated response was then constructed by 
digital subtraction. In the result shown in Figure 3.11, it is clear that the IV-
relationship between +40 mV to -30 mV was linear. However, in membrane potentials 
more hyperpolarized than -30 mV, the NMDA-activated conductance exhibited a 
typical negative slope. 
3.3.3 GluR2 subunit immunostaining 
We tested for GluR2 subunit immunogenicity in 25 recorded SNR neurones 
after electrophysiological and pharmacological analyses. Positive reactions were found 
only in 4 neurones. However, negative results seemed to be due to dialysis of 
cytoplasmic content after patch clamp recording and the low accessibility of the deeply 
embedded neurones to anti-GluR2 immunoglobulin. Nevertheless, the positive result 
shown in Figure 3.12 shows that a patched neurone also stained positively for GluR2 
subunit. 
3.4 Discussions and conclusion 
3.4.1 AMPA receptors in SNR neurones 
The fact that superfusion of AMPA onto SNR neurones induces membrane 
depolarization in current-clamp and an inward current in voltage-clamp in a dose-
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Fig. 3.11 Current-voltage relationship of NMDA-induced current in SNR neurones 
determined by application of voltage-ramps. 
»«. 
Fig. 3.11 
0 . 8 -i 
0.6 -
I 4 / 
C 0.2 - / 
CD / 
§ / 
U <1 I > ‘ ' ~ / r , , 
-80 -40 -20 Y 0 20 40 
2
 X . 









Fig 3.12 Following electrophysiological and pharmacological analysis, some neurones 
. . . 
were injected with biocytin for identification and then immuno staining for GluR2 
subunit. In (A), a neurone was stained with biocytin and identified. In (B), the same 
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Ef'| neurone also stained positively by ABC-labelled anti-GluR2 subunit. 
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dependent manner suggests the presence of glutamate AMPA receptors in these 
neurones. The effect of AMPA was excitatory, in agreement with the excitatory 
neurotransmitter role of glutamate. Although the effects of AMPA were not tested in 
the absence of Ca2+ or in the presence of tetro do toxin, they were believed to be 
mediated by a direct postsynaptic action. The characteristics of AMPA induced current 
are in agreement with those reported in other brain areas. For example, the EC50 was 
about 30 ^M, comparable to that reported by others (Zhang et al., 1994; Wang et al., 
1995; Kumamoto et al., 1995). The current reversed at a potential close to 0 mV, 
suggesting the involvement of non-selective cation channels typical of AMPA 
receptor-channels (for reference see Ozawa et al., 1998). The conclusion that AMPA 
actually acted on AMPA receptor was demonstrated by the antagonistic action of 
NBQX, a non-NMDA receptor antagonist which has a 30-fold selectivity to AMPA 
receptor over kainate receptor (0.15 i^M vs 4.8 j i M , Sheardown et al., 1990). 
However, due to the unavailability to us of specific antagonists which can distinguish 
AMPA from kainate receptor, the contribution of kainate receptor in mediating the 
response to AMPA cannot be estimated. Further tests using the recently discovered 
AMPA selective antagonists, such as GYKI 52466 and GYKI 53655 receptor 
(Paternain et al., 1995; Bleakman et al., 1996) would be needed. Experiments 
involving fast application of agonists to study the desensitization characteristics of the 
current would also be useful in addressing this question. 
The slightly outward rectifying characteristic of the current-voltage relationship 
of AMPA induced current obtained in SNR GABA neurone was similar to those 
obtained in other neurones containing low-Ca2+ permeability, type I AMPA receptors 
such as type I hippocampal neurones (lino, et aL, 1990; Ozawa and lino, 1993), 
nucleus tractus solitari neurones (Nakagawa et al. 1990), septal cholinergic neurones 
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(Kumamoto and Murata 1995), striatal principal neurones, nigral dopamine neurones 
(Gotz et al., 1997) and was different from those obtained in neurones containing 
relatively high-Ca2+ permeability, type II AMPA receptors, such as type II hippocampal 
neurones (lino, et al., 1990; Ozawa and lino, 1993) which displayed strong inward 
rectifying current-voltage relationship. Thus our data suggest that SNR neurones 
possess type I AMPA receptor. This conclusion was supported by the experiments 
using JSTX and spermine, which have been shown to be selective blockers for type II 
AMPA receptor mediated current, for example, in cultured hippocampal neurones (Ilni 
et al., 1996; Isa. et al., 1996). In our experiments, no significant blocking effects of 
JSTX and spermine on AMPA induced response were obtained. According to the 
results from expression studies of GluRl-GluR4 subunits (for review see Hollmann 
and Heinemann 1994), the functional properties of recombinant AMPA receptors such 
as rectification and Ca2+ permeability depend on their subunit composition. 
Heteromeric AMPA receptors with GluR2 subunit had low Ca2+ permeability and 
displayed linear rectification. This hypothesis was supported in our study in which we 
demonstrated that some patched neurones showing the above characteristic responses 
to AMPA were also labelled with anti-GluR2 antibodies. In fact, our data were in 
agreement with results of in situ hybridization studies (Gold et al., 1997; Jakowec et 
al. 1998) which indicated that GluR2 subunit was expressed on SNR neurones; and 
immunocytochemical studies (Martin et al, 1993; Paquet and Smith, 1996; Jakowec et 
al. 1998) which denoted that positively stained GluR2/3 neurones were found on SNR. 
However, whether the AMPA receptors on SNR neurones were really of low Ca2+-
permeability type would require further studies on the effects of calcium on the 
current-voltage relationship or Ca2+-imaging techniques. 
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3.4.2 NMDA receptors in SNR neurones 
Our experiments also suggest the presence of NMDA receptors in SNR 
neurones. Thus, bath application of NMDA produced membrane depolarization or an 
inward current in a dose-dependent manner. The current evoked by NMDA exhibited a 
number of properties typical of NMDA receptors. These include: l)reversal potential 
close to OmV, suggesting the involvement of non-selective cation channels; 2)voltage-
dependent block of the current by extracellular Mg2+; 3)sensitivity of NMDA-induced 
current to APV. However, in our experiments, inclusion of 3 |iM of glycine in the 
ACSF had no significant effect on the amplitude of the current induced by NMDA. 
This is in contrast to the well known potentiation effect of glycine demonstrated in 
other preparations (Johnson and Ascher, 1987; Nakagawa et al., 1990). One possible 
explanation is that the endogeneous glycine in brain slice or background contamination 
of glycine present in the ACSF may be high enough to saturate the potentiation site on 
the NMDA receptors. 
3.4.3 Functional significance 
It is now known that AMPA receptors expressed in different types of neurone 
may have marked differences in their gating kinetics and permeability to Ca2+. In the 
basal ganglia, for example, Gotz et al. (1997) have demonstrated that AMPA receptors 
in striatal neurones and nigral GABA and dopamine neurones were almost 
impermeable to Ca2+ while those of subthalamic nucleus and globus pallidus have 
relatively high Ca2+ permeability. Therefore, our conclusion that the AMPA receptors 
on SNR neurones are of type I is in agreement with these findings. A consequence of 
this fact is that synaptic activation is expected to produce Ca2+ inflow through NMDA 
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but not AMPA receptors. Therefore, in SNR, neurotoxicity due to excessive glutamate 
release (Choi, 1988; PeDegrini-Giampietro et al., 1997; Chen et al., 1997) and synaptic 
plasticity due to intracellular accumulation of Ca2+ may therefore be highly dependent 
on the presence of both AMPA and NMDA receptors. Nevertheless, the role of type I 
AMPA receptors in causing a sustained load of Ca2+ (Brorson et al., 1995) cannot be 
entirely ruled out. 
In conclusion, our data show that both AMPA and NMDA receptors are 
present on SNR GABA neurones. In fact these two receptors co-exist on the same 
SNR neurones although the present data cannot resolve whether they exist in the same 
synapse. AMPA receptors on SNR GABA neurones are of type I with low calcium 
permeability. These receptors are likely to mediate glutamatergic, excitatory 
neurotransmission in SNR. They may also be important in the plasticity and glutamate-
induced toxicity of SNR neurones. 
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Chapter 4 
Glutamate-mediated synaptic currents in SNR 
4.1. Introduction 
The previous chapter has demonstrated the presence of functional AMPA and 
NMDA receptors on SNR neurones. However, to confirm that these receptors do play 
a role in the normal excitatory neurotransmission onto SNR neurones, we need to 
demonstrate the presence of excitatory synaptic currents that involve these receptors. 
Previous studies have suggested that excitatory inputs are likely to come mainly from 
the subthalamic nucleus (STN). For example, anterograde and retrograde tracing 
techniques (Van Der Kooy and Hattori, 1980; Ricardo, 1980; Kita and Kitai, 1987; 
Smith et al., 1990) have shown that the substantia nigra receives input from the STN. 
Moreover, in vivo stimulation study (Hammond et al., 1978) in vivo 
electrophamacological study (Robledo and Feger, 1990) and anterograde tracing 
techniques combined with immunochemistry (Rinvik and Ottersen, 1993) 
demonstrated that the subthalamonigral projection is excitatory in nature and possibly 
uses glutamate as a transmitter. In addition to inputs from STN, excitatory inputs from 
the cortex to SNR have also been documented (Kitano et al., 1998). However, there 
are only relatively few intracellular recording experiments (e.g. Nakanishi et al., 1987) 
to study the properties of excitatory synaptic transmission on SNR GABA neurones. 
This was presumably due to the fact that glutamatergic synaptic innervations on SNR 
GABA neurones are relatively weak and rare when compared with GABAergic 
synaptic drives. As supported by immunocytochemical studies (Rinvik and Ottersen, 
1993; Shink and Smith, 1995), the number of Glu-labelled boutons in SNR is much 
106 
less than that of GABA-labelled ones. Therefore, the chance of recording either the 
spontaneous excitatory postsynaptic currents (EPSCs) or evoked EPSCs is relatively 
low. However, as discussed in previous chapters, the excitatory drives on SNR 
neurones, especially those originating from STN, may play a critical role in controlling 
the output of the basal ganglia. In this context, studying the functional properties of 
excitatory synaptic currents in SNR neurones is critical. In this chapter, by recording 
the whole-cell currents from SNR neurones, the electrophysiological, pharmacological 
as well as kinetic properties of spontaneous and evoked EPSCs were characterized. 
The presence of excitatory projection from STN to SNR was confirmed by stimulating 
the STN. In addition, a possible interaction between GABA and glutamate afferents 
was revealed. 
4.2 Methods 
4.2.1 In vitro slice preparation and maintenance 
These are described in detail in chapter 2. Essentially, midbrain slices of 250 
pm containing the substantia nigra were acutely prepared. They were maintained in a 
holding chamber before being transferred to a recording chamber and superfused with 
oxygenated ASCF. In some of the experiments, 300 jim thick parasaggittal sections 
containing the STN and SNR were cut to preserve as much as possible the 
subthalamonigral fibres. In these slices, stimulating electrodes were put on the STN 
and the resulting EPSCs were studied. 
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4.2.2 Electrophysiological recordings 
Whole-cell patch clamp recordings were obtained from SNR neurones as 
described in detail in chapter 2. To study the kinetic properties of spontaneous 
EPSCs, a sampling rate of 10 kHz was employed. Otherwise a sampling rate of 5 kHz 
was used. 
4.2.3 Electrical stimulation 
To evoke EPSCs, stimulating glass electrodes were pulled from glass tubings 
(Clark Electromedical Instruments GC 120-10) using a sharp pipette puller (Narishige 
Scientific Instrument) and filled with ACSF. The tips were broken before experiments 
leaving a tip size of around 100 [im. During an experiment, electrical stimulation with 
intensity of 5-100 V duration of 20-200 jis and frequency of 2 Hz was applied to the 
surface of the slice in various positions through the stimulating electrode. By 
stimulating either the STN or rostral part of the SNR, activation of the 
subthalamonigral fibres should be achieved in most cases (Fig. 4.1). The data were 
taped using a digital audio tape (Sony 57ES) for later analysis. Evoked EPSCs were 
usually averaged from 20 to 50 individual traces. 
4.2.4 Solutions and drugs 
The composition of ACSF was (in mM) : NaCl 125; KC1 2.5; MgS04 1.2; 
CaCl2 2.5; NaHP04 1.2; glucose 11.5; NaHC03 26, and was continuously bubbled 
with 95 % 02/5 % C02. Since NMDA receptor is blocked by extracellular Mg2+ (Ault 
et al., 1980; Mayer and Westbrook, 1987), MgS04 was normally omitted in 
experiments involving NMDA, unless otherwise stated. The composition of K-
gluconate internal solution was (in mM) : K-gluconate 130; KC1 10; EGTA 1.0; CaCl2 
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Fig. 4.1 Schematic diagram of the parasagittal section of rat brain illustrating the 
positions of stimulation (red dots) and recording (blue dots) in 25 experiments. The 
stimulating electrodes were positioned in either the STN or rostral part of the SNR to 







1.0; MgCl2 1.0; Na2ATP 2.0; HEPES 10 and pH adjusted to 7.3 with K H. For the 
determination of the current-voltage relationship, 140 mM CsCl was used to replace 
the K-gluconate and KC1 and pH adjusted to 7.3 by CsOH. The inclusion of Cs 
increased the input resistance of the neurones and hence reduced space-clamp error. 
The drugs used in the experiments were NBQX, JSTX, spermine, APV (supplied by 
RBI), and glycine (from Merck). 
4.2.5 Data analysis 
The kinetics of the spontaneous EPSCs were analysed by a software developed 
by Dr. W.H.Yung. Rise time, decay time constant, and amplitudes of the EPSCs were 
quantified. Numerical data are expressed as mean S.E.M. Statistical significance was 
determined setting a probability of 0.05 using the paired Student's t-test. 
4.3 Results 
4.3.1. Characteristics of spontaneous EPSCs 
4.3.1.1 General characteristics 
As shown in Fig. 4.2 spontaneous synaptic currents, sometimes at high 
frequencies, could be recorded in SNR GABA neurones held at -70mV with K-
gluconate-containing electrodes. On close examinations, two types of inward currents, 
with clear differences in their kinetics and other properties such as reversal potentials 
could be distinguished. The dominant type had relatively slow kinetics and reversed at 
about -60 mV while the other type had faster kinetics and reversed at much more 
depolarized membrane potential (close to OmV, not shown). However, the noise levels 
dramatically increased with depolarization and making the exact determination of the 
reversal potential difficult. When 10 fiM of selective GABA-A receptor antagonist 
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Fig. 4.2 In SNR GABA neurones, two main types of inward spontaneous postsynaptic 
currents were recorded, and can be distinguished by their kinetics (B, C) and 
sensitivities to the GABA-A receptor antagonist bicuculline (A). The bicuculline-
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bicuculline was added to the superufsion bath, the slower synaptic currents were 
invariably abolished (Fig. 4.2) leaving the faster ones intact, suggesting that the former 
currents were IPSCs mediated by GAB A-A receptors. This was in agreement with the 
calculated reversal potential of the CI of about -57 mV. When compared with the 
slower IPSCs, the synaptic currents with faster kinetics were relatively rare in 
occurrence, and were likely to be reversed EPSCs mediated by glutamate, as 
demonstrated below. 
4.3.1.2 Kinetics 
Preliminary examination of the kinetic properties of the spontaneous EPSCs 
was attempted in 18 neurones. Recordings of the AMPA-mediated EPSCs were made 
in the presence of 10 jiM bicuculline and 1.3 mM Mg2+. At -70 mV, the mean rise time 
of the putative AMPA-EPSCs was 0.68 0.04 ms while the mean decay time constant 
was 1.88 0.15 ms. In most cases, the decay could be adequately described by a 
monoexponential function. In these 18 neurones, the mean amplitude of the EPSCs 
was 12.6 0.7 pA and mean frequency was 1.36 0.22 Hz. 
4.3.1.1 Pharmacology 
When the membrane of the SNR neurones were held at -70 mV (and in Mg2+ 
containing ACSF), the bicuculline insensitive spontaneous synaptic currents could be 
completely blocked by 10 ^M of NBQX (n=18, Fig. 4.3). This effect was reversible 
when NBQX was removed from the external solution. The results suggested that near 
the resting membrane potential, the spontaneous EPSCs on SNR GABA neurones are 
mainly mediated by AMPA receptors. However, these EPSCs were not sensitive to 
the selective type II AMPA receptor blocker JSTX, even at the relatively high 
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Fig. 4.3 The bicuculline-insensitive synaptic currents (A) were completely blocked by 
10 pM of NBQX (B). The effect of NBQX could be washed out (C). These results 
suggest that the bicuculline insensitive spontaneous synaptic currents are mainly 
mediated by AMPA receptors. The ACSF contained 1.2 mM of Mg2+ and the neurone 
was clamped at -70mV. 
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Fig. 4.4 The bicuculline-insensitive spontaneous EPSCs were insensitive to 1 i^M of 
JSTX, the blocker selective for type II high Ca2+-permeable AMPA receptor. 
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concentration of 1 pM. In 5 neurones tested, the mean amplitude of the EPSCs in 
control conditions was 15.9 1.6 pA, similar to the mean value of 16.8 1.3 pA in the 
presence of JSTX (p > 0.05, Fig. 4.4). In addition, the kinetics of the EPSCs were also 
unaffected: the mean rise time in control was 0.84 0.09 ms compared with 0.79 
0.08 ms when 1 \iM of JSTX was added (p > 0.05) while the mean decay time 
constant in control was 2.24 0.49 ms, which was not significant different from 2.01 
0.30 ms in 1 ^M of JSTX (p > 0.05). Similarly, the mean frequency was unaffected, 
being 1.51 0.34 Hz in control and 1.37 0.35 Hz in JSTX (p > 0.05). The possibility 
that the spontaneous EPSCs may contain an NMDA-component has been tested. 
However, due to the increase in noise level resulting in an unfavourable signal-to-noise 
ratio, even at Mg2+-free solutions, the chance to clearly isolate spontaneous EPSCs at 
depolarized membrane potential was low. 
4.3.2. Characteristics of evoked EPSCs 
4.3.2.1 General characteristics 
In the presence of the GAB A-A receptor antagonist bicuculline (10 j i M ) 
intranigrai or intrasubthalamic stimulations often evoked inward synaptic currents 
whose amplitudes and decay time were voltage-dependent. Figure 4.5 showed a typical 
example in which an SNR neurone was voltage-clamped at different membrane 
potentials between -90mV to +60mV. The EPSCs clearly contained multiple 
components: at hyperpolarized membrane potentials, only a fast component was 
observed while at more depolarized membrane potentials, a slow component also 
became apparent. To study the current voltage (IV) relationship of the two 
components, peak amplitudes of the EPSCs as well as the magnitudes at 15 ms after 
the peak (dotted line in Fig. 4.5) were measured. As shown in Fig. 4.6, the IV 
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Fig. 4.5 In the presence of bicuculline and a normal concentration of Mg2+ (1.2 mM), 
intranigral and intrasubthalamic stimulation always evoke EPSCs with more than one 
component. A typical evoked EPSC at different membrane potentials are shown here. 
A slow component is notable at depolarized potential. 
» . 
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Fig. 4.6 To measure the current-voltage relationship of the evoked EPSC, the peak 
amplitudes and the magnitudes at 15 ms after the peak (dotted line in Fig. 4.5) were 
plotted against the membrane potential. The two components show clear differences in 
the negative potentials. The fast component was indicated by the solid line while the 
slower component was indicated by the dashed line. 
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relationship of the peak amplitude was roughly linear over the whole voltage range. On 
the other hand, the IV relationship of the slow component measured at 15 ms after the 
peak (long dash line) displayed a negative slope of conductance between -3OmV to -80 
mV. The IV relationships of these evoked EPSC in SNR neurones are similar to those 
reported in other neuronal types (e.g. Hestrin et al., 1990; Keller et al., 1991; Merea et 
al., 1991; Krupp and Peltz, 1995). The fast and slow components are likely to be 
mediated by AMPA and NMDA receptors respectively (see below). 
4.3.2.2 Pharmacological characterization 
To characterize the fast component pharmacologically, it was first isolated by 
holding the membrane potential of the cell at hyperpolarized level (more negative than 
-70mV). This fast EPSC was not sensitive to 1 piM of JSTX. However, the inward 
EPSC was completely blocked by 10 i^M of NBQX, the selective AMPA receptor 
blocker. A typical example of the effects of JSTX and NBQX are shown in Fig. 4.7. In 
order to examine the slow component of the evoked EPSC, which was likely to be 
mediated by NMDA receptor, Mg2+ was omitted from the ACSF. In this way, Mg2+ 
block of NMDA receptor would be released even at hyperpolarized membrane 
potentials. As shown in Fig. 4.8, in the absence of Mg2+ and in the presence of 
bicucuJline, the EPSC at -70mV contained a fast and a slow component. The slow 
component was absent when Mg2+ was included in the ACSF (not shown). When the 
AMPA receptor selective antagonist NBQX was applied, the component with a fast 
peak was abolished leaving a relatively slow component. An interesting, but consistent, 
finding was that the slow component became bigger as suggested by the more 
prominent tail when compared to the EPSC before NBQX was applied (6 out of 7 
cells). This slow component, unmasked after NBQX application, was sensitive to the 
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Fig. 4.7 The evoked EPSC at a hyperpolarized membrane potential (-70mV) was 
insensitive to JSTX (B) but completely abolished by NBQX (C). 
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Fig. 4.8 To study the slow component of the evoked EPSC in Mg2+-free ACSF, 
NBQX, together with bicuculline, were added to the eliminate the non-NMDA 
component and GABA component respectively (A & B). The slow component was 
abolished by APV indicating that it was mediated by NMDA receptor (C). The traces 
are superimposed in (D). The neurone was held at -75 mV. 
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selective NMDA receptor antagonist APV (50 uM) confirming that it was mediated by 
NMDA receptor. 
4.3.2„3 Effects of bicuculline on the EPSC 
Lti the study of the evoked EPSCs a notable finding when the cells were bathed 
in Mg2+-free ACSF was that the slow, presumably NMDA-mediated component of the 
EPSC was not apparent before application of bicuculline. This slow component was 
unmasked only in the presence of bicuculline. A typical example is shown in Fig. 4.9. 
These data suggest that there is interaction between GABA and glutamate terminals in 
SNR.. 
4.4 Discussion and conclusion 
4.4.1 Excitatory transmission onto SNR neurones 
To our knowledge, our data are the first whole-cell recordings in studying the 
properties ofEPSCs in SNR neurones. The present data confirmed that SNR neurones 
receive glutamate-mediated excitatory transmissioiL Under the more physiological 
conditions, i.e. presence of extracellular Mg2+ and resting membrane potential, both 
spontaneous and evoked EPSCs are mainly mediated by AMPA receptor. The fact that 
these fest, NBQX-sensitive EPSCs are not affected by JSTX suggests the involvement 
of type I AMPA receptors, consistent with our results shown in Chapter 3. On the 
other band, the role played by NMDA receptors under these conditions seems to be 
minimal. The NMDA component, which was sensitive to Mg2+ was either absent or 
too small to be detected. These results suggest that the normal excitatory transmission 
onto SNR neurones depends almost entirely on the AMPA mediated fast transmission. 
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Fig. 4.9 In Mg2+-free ACSF, the slow component of the evoked EPSC became 
noticeable only after bicuculline was added suggesting an interaction between GABA 
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Nevertheless, it is possible to evoke an NMDA-component of the EPSC when 
extracellular Mg2+ was taken away at normal membrane potential or when the neurone 
was depolarized. These characteristics are typical of NMDA-mediated synaptic 
currents. 
4.4.2 Source of excitatory drive 
Although the source of the EPSCs is not entirely certain, it is very likely that a 
significant proportion of them originates from STN, for the following reasons. First, 
various studies indicate that SNR receive excitatory input mainly from STN (Van Der 
Kooy and Hattori, 1980; Ricardo, 1980; Kita and Kitai, 1987; Smith et al., 1990) 
although excitatory inputs from the cortex (Strom-Mathisen and Ottersen, 1989) and 
pedunculopontine nuclei (Scarnati et al., 1986) may also have some contribution. 
Second, in some of the experiments, we specifically stimulated the STN and recorded 
from the SNR neurones. The properties of the evoked EPSCs recorded in this way 
were no different from those elicited by intranigral stimulation. 
Hammond et al (1978) were probably the first to show electrophysiologically 
an excitatory subthalamonigral pathway in the rat by antidromic stimulation. This was 
coiuSrmed by Nakanishi et al. (1987) in an in vitro preparation in which stimulation of 
the STN produced a monosynaptic EPSP in SNR neurones. The receptors underlying 
the EPSPs/EPSCs have not been characterized although it has been suggested through 
in vivo recordings that the transmitter used is glutamate (Zhang et al., 1994). Our data 
are the first to show that AMPA receptors may mediate the normal excitatory 
transmission to SNR neurones while intense activities from STN may lead to the 
activation of NMDA receptors as well. 
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4.4.3 Interaction with GABA inputs 
The consistent observation that even in Mg2+ free environment, the NMDA 
component of the evoked EPSC was masked when the GABA-A inputs were intact 
(Fig. 4.9) suggests that there is interaction between the GABA and glutamate 
afferents. It could be hypothesized that, in addition to its normal inhibitory action on 
the SNR neurones, GABA terminals may also inhibit the release of glutamate on SNR 
neurones at a presynaptic site. Thus, simultaneous activation of the GABA and 
glutamate afferents, as in the case of evoked condition, would lead to the appearance 
of bicuculline-sensitive GABA-A IPSCs and suppression of glutamate-mediated 
EPSCs, especially on the NMDA component. Whether there is a reciprocal 
relationship, i.e. presynaptic inhibition of GABA terminals by glutamate afferents, is 
not known. Such relationships, if present, would demonstrate a tight regulation of the 
opposite actions of GABA and glutamate, and supports the notion, and their 
interaction, of the 'direct' and 'indirect' pathways of the basal ganglia at the 
presynaptic level of SNR. 
4.4.4 Functional significance 
The properties of both the spontaneous and evoked EPSCs of SNR neurones 
would suggest that NMDA receptors will only be activated as a result of excessive 
glutamate acting on AMPA receptors leading to sufficient membrane depolarization 
(Ozawa et al” 1998). The significance of this is not known. The entry of Ca2+ into 
SNR neurones through the NMDA receptors may be important for synaptic plasticity 
in SNR. However, at present, virtually nothing is known about activity-dependent 
changes, if any, in the function of SNR neurones. As discussed in Chapter 3, excessive 
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stimulation of the NMDA receptors may also lead to overload of intracellular Ca2" and 
therefore vulnerability of SNR neurones. 
The data also suggest that, under normal conditions, AMPA and NMDA 
receptor-mediated excitatory synaptic transmission is in balance with GABA receptor-
mediated inhibitory synaptic transmission on SNR neurones. Abnormality in the 
excitatory drive from STN to SNR has been suggested to be involved in basal ganglia 
disorders (Choi,1988; Albin et al., 1989; Levy et al., 1997). For example, in 
hypokinetic disorders such as Parkinson's disease, pathological overactivity was 
observed in the STN that may cause overexcitation of glutamate receptors on SNR 
neurones. In hyperkinetic disorders, which are characterized by an excess of abnormal 
movements, an underactivitity in the STN is suspected. Thus, our data would suggest 
that pharmacological manipulations of the activities of SNR neurones, with an aim to 
treat these disorders, may depend on specific AMPA type I and NMDA receptor 
agonists and antagonists. The advances in the search of more specific AMPA and 
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